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Open- and Short-Circuit Terminated Series Stubs in
Finite-Width Coplanar Waveguide on Silicon

George E. Ponchak,Member, IEEE, and Linda P. B. Katehi,Fellow, IEEE

Abstract—Open- and short-circuit terminated series stubs in
finite-width coplanar waveguide (FCPW) fabricated on high-
resistivity Si are experimentally characterized over the frequency
range of 2–40 GHz. In coplanar waveguide (CPW), these stubs
are typically placed in the center conductor, but in FCPW, the
stubs may also be placed in the ground planes resulting in novel
circuit elements with characteristics that make the stubs useful
for matching circuits and filters. Equivalent circuit models for the
stubs are presented, and it is shown that when the stub is in the
ground plane the resonant frequency is equal, the inductance and
resistance is halved, and the capacitance is double the values of
the same stub in the center conductor. Furthermore, it is shown
that by varying the stub position in the ground plane, higher Q
stubs can be obtained.

Index Terms— Bandpass filters, bandstop filters, coplanar
transmission lines, coplanar waveguides.

I. INTRODUCTION

COPLANAR waveguide (CPW) has proven to be a useful
transmission line for millimeter-wave circuits, monolithic

microwave integrated circuits (MMIC’s), and antenna feed
networks because the top-side ground planes enable easy
connection of series and shunt circuit elements without via
holes. In practice, most microwave substrates are placed in a
package or on a metal plate to facilitate heat removal and to
provide mechanical support. Thus, a back-side ground plane
is also present. It has been reported that power leaks from the
CPW into the parallel plates created by the upper and lower
ground planes [1], [2], resulting in box-type resonances [3],
[4]. Several alternatives to avoid these resonances have been
proposed: absorbing materials can be used to attenuate power
at the edges of the circuit [5], multiple dielectric layers can
be used to decrease the propagation constant of the parallel-
plate waveguide mode which inhibits power coupling [1], via
holes can be incorporated to short the upper and lower ground
planes and create an effective box that has a higher resonant
frequency [4], or the upper ground planes can be made nar-
row with respect to the parallel-plate waveguide-mode wave-
length to increase the resonant frequency out of the band of
interest [3].

The last alternative, called finite-width coplanar waveguide
(FCPW) (see Fig. 1), is attractive since it does not require extra
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Fig. 1. Schematic of FCPW.

(a)

(b)

Fig. 2. Schematic of short-circuit terminated series stubs (a) in the center
conductor and (b) in the ground plane.

processing steps to implement and does not alter the planar
character of the line. Although open- and short-circuit shunt
stubs in FCPW have been used in the design and fabrication
of filters on GaAs [6], active antennas on Teflon fiberglass
substrates [7], and instantaneous frequency-measurement units
on Alumina [8], there has not been a characterization of the
series stubs in FCPW. In this paper, an extensive experimental
characterization of FCPW short- and open-circuit series stubs,
which are implemented in novel ways and fabricated on un-
thinned, high-resistivity Si substrates is presented, and several
new and interesting results are discussed.
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Fig. 3. Schematic of open-circuit terminated series stubs (a) in the center
conductor and (b) in the ground plane.

II. FCPW SERIES STUB DESIGN

CPW short- and open-circuit series stubs have been theo-
retically and experimentally characterized [9], [10], and have
been used in filters [11] and reflective switches [12]. In each of
these circuits, the stubs are implemented in the typical manner
by deforming the center conductor of the CPW as shown in
Figs. 2(a) and 3(a) [13]. The short-circuit series stub in the
center conductor, i.e.,center short stub, can be modeled as
an equivalent transmission line [12] or as a series inductor
with parasitic elements [9], [10], as shown in Fig. 4(a) and
4(b), respectively. In bandstop filters, the length of the stub is
designed to be 4 at the stopband frequency, whereas the
length of the stub is typically kept less than 10 when used
as an inductor with the inductance determined by the length

and width of the center conductor between the stubs [9],
[10]. The open-circuit series stub in the center conductor, i.e.,
center open stub, can be modeled as an equivalent transmission
line [12] or as a series capacitor with parasitic elements [9],
[11] as shown in Fig. 5(a) and 5(b), respectively. If the length
of the center open stub is equal to 4, the stub has a
bandpass filter characteristic, whereas if the center open stub
is used as a capacitor, the length is typically kept less than

10 with the capacitance dependent on the stub length and
the slot width [9], [10].

By using FCPW, it is possible to implement the same stubs
in the ground planes that exist on either side of the center
conductor as shown in Figs. 2(b) and 3(b), respectively, for
the short-circuit series stub, i.e.,ground short stub, and the
open-circuit series stub, i.e.,ground open stub. Note that it is
impossible to implement the ground open stub in conventional
CPW, and although the ground short stub can be implemented
in CPW, it is not possible to control width of the current
path in Fig. 2(b) as it is in FCPW. The characteristics of these

two new stubs, with respect to the width parameterand the
stub length , along with a comparison of those characteristics
with the characteristics of the stubs in the center conductor,
is presented in this paper.

III. M EASUREMENT TECHNIQUE

The circuits have been fabricated using standard MMIC
fabrication techniques on double-sided polished Si wafers with
a resistivity greater than 2500 cm and a thickness of 411

m. Lift-off technology is used to define the metal lines which
consist of 200Å of Ti and 1.3 m of Au. The back-side ground
plane also consists of 200̊A of Ti and 1.3 m of Au. All of
the CPW lines presented in this paper have an, , and of
50 m, and the stubs have 10-m slot widths (see Figs. 1–3),
and 1475- and 980-m lengths. For the stubs in the ground
plane, values of , , and m are considered, while
the stubs in the center conductor have m.

Measurements are made using an HP8510 network analyzer,
a Cascade probe station, and GGB Industries Picoprobes.
A full thru-reflect line (TRL) calibration is performed using
calibration standards fabricated on the wafer with the reference
planes at the ends of the stubs as shown in Figs. 2 and 3,
respectively, at positions and . The reference impedance
is determined by the characteristic impedance of the delay
lines which is approximately 59 for the lines used in this
paper. All data presented in this paper are normalized to that
impedance. Four delay lines are used in the calibration with
the longest being 1.0 cm to cover the frequency range of
2–40 GHz. The TRL calibration is implemented through the
program Multical [14] which utilizes all of the delay lines at
each frequency point through a weighted averaging algorithm.
To reduce random errors in the measurements and in the
fabrication, three of each circuit are measured from different
locations on the wafer and the-parameters are averaged.

IV. RESULTS AND DISCUSSION

Series short-circuit and the series open-circuit stubs are
characterized to determine their characteristics as bandstop
or bandpass filters, respectively, by measuring the resonant
frequency and Q of the circuits as a function of. In addition,
the characteristics of the stubs when used as series inductors
and capacitors are derived and equivalent circuits are presented
to model these elements.

A. Short-Circuit Series Stub

The measured insertion loss for the center short stubs
and the ground short stubs, is shown in Fig. 6 where it is
noticed that all of the stubs have the same resonant frequency

, which is accurately predicted by

where is the velocity of light and is the effective
permittivity of the FCPW line as determined during the TRL
calibration. Therefore, the transmission-line model of the stub
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(a) (b)

(c)

Fig. 4. Equivalent circuit of short-circuit terminated series stub. (a) Transmission-line model. (b) Symmetric circuit model with translated reference
planes. (c) Asymmetric circuit model.

(a)

(b)

Fig. 5. Equivalent circuit of open-circuit terminated series stub. (a) Trans-
mission-line model. (b) Asymmetric circuit model.

as shown in Fig. 4(a) is valid regardless of the placement of
the stub in the center conductor or the ground plane. The
center short stub has greater stopband rejection, but it also
has a broader stopband than the stubs in the ground planes.
The narrowest stopband is obtained when the stub is placed
in the ground plane with and approaches the stub
characteristics of the center short stub asincreases. From
the measured -parameters, the loss factor is
calculated and plotted in Fig. 7, which shows that for
and , the loss factor is lower when the stubs are in the
ground plane, but when , the loss factor for the ground
short stubs is greater. The reason for this will be discussed
when the equivalent circuits are introduced.

To develop a low-frequency model of the stub, the reference
plane shown in Fig. 2 could be translated to by adding

to the phase of and to the phase of .
Fig. 8(a) and 8(b) shows the phase of the center short stub,
which is typical of all the short-circuit terminated stubs before

Fig. 6. Measured jS21j of short-circuit terminated series stubs with
L = 1475 �m.

Fig. 7. Measured loss factor for short-circuit terminated series stubs with
L = 1475 �m.

and after the reference-plane translation, respectively. Note
that if the reference plane is not translated, the stub appears
inductive looking into through ; however, when looking
into , it appears inductive only for . When is
translated to , the difference in phase between and
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(a)

(b)

Fig. 8. Measured phase of center short stub withL = 1475 �m (a) before
reference-plane translation and (b) after reference-plane translation.

is less than 5 for , and the stub appears inductive
looking into both ports. is not translated to maintain the
proper reference planes for the limiting case of straight stubs.

Using the measured-parameters translated to the new ref-
erence planes, an equivalent symmetricnetwork is derived,
and for , the simple model shown in Fig. 4(b),
adequately describes the stub with the inductance for each of
the stubs shown in Fig. 9(a). For the ground short stubs, the
inductance increases as increases, or decreases, which
agrees with the results for center short stubs [10]. Furthermore,
the maximum inductance for the stubs in the ground plane
is half of the inductance for the corresponding stub in the
center conductor, and the inductance per-unit stub length is
constant for all of the cases measured. The series resistance of
the stubs over the frequency range of 2–40 GHz is shown
in Fig. 9(b) and indicates that the resistance of the center
short stub is approximately twice the resistance of the ground
short stubs. These results imply that the impedance of the
stubs in the ground plane add as parallel circuit elements
and that the impedance of each of the ground short stubs
is approximately equal to the impedance of the center short
stub. The shunt conductance is equal to zero over most
of the frequency range except near where increased
for the ground short stubs to approximately 0.05, whereas
it remained nearly zero for the stub in the center conductor.
Therefore, the loss factor is higher for the center short stubs

(a)

(b)

Fig. 9. Deembedded equivalent circuit model element values of short-circuit
terminated series stubs modeled as shown in Fig. 4(b). (a)L. (b) R.

due to the higher series resistance, except near the resonant
frequency where the ground short stubs have higher radiation
loss. The above observations are made for the 1475-m-long
stubs and are found to be valid for the 980-m-long stubs with
the exception that the radiation loss of the ground short stubs
did not increase substantially at, resulting in a loss factor
at that is independent of the stub placement. To extend
the equivalent circuit model through , a capacitance can be
added in parallel with the seriesRL circuit with a value that
yields the correct resonant frequency.

In the above discussions, the equivalent circuit represents
the extra impedance created by the stubs since the reference
planes have been translated, but in some circuit applications,
it is desirable to have an equivalent circuit model with the
reference planes at and . Fig. 4(c) shows the equivalent
circuit model for this case, which is valid for .
Although the series resistance and the two shunt capacitors
are found to be approximately frequency independent for

, the series inductance decreased linearly from its zero
frequency value with increasing frequency. Fig. 10 shows the
slope of the inductance, the low-frequency inductance value,
the series resistance, and the shunt capacitance values where
it is seen that the inductance of the ground short stub is
no longer half of the value of the center short stub and the
shunt capacitances and both approach the corresponding
capacitance values for the center short stub, except that
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Fig. 10. De-embedded equivalent circuit model element values of
short-circuit terminated series stubs withL = 1475 �m modeled as shown
in Fig. 4(c) whereL is in picohenries,C is in picofarades, andR is in ohms.

decreases in value while increases in value as increases.
It is also interesting to observe that the frequency dependance
of the inductance of the ground short stubs is not half that
of the center short stubs and that the frequency dependance
increases as increases. As a result, the two ground stubs do
not look like two parallel stubs.

The results indicate that the ground short stubs have a lower
equivalent series inductance and a lower series resistance than
the center short stubs, which results in the stubs having a Q
that is equivalent for both types of stubs whenis equal, and
a higher Q for ground short stubs with a larger. Furthermore,
the resonant frequency of ground short stubs and center short
stubs is equivalent. It is also determined that the inductance of
the ground short stubs could be varied by a factor of two by
varying the parameter while maintaining a minimum line
width of 10 m. This is not possible for the center short stubs
and should prove useful in circuit design where fabrication
tolerances must be maintained for high yield.

B. Open-Circuit Series Stub

The measured insertion loss and return loss for
all of the ground open stubs is identical, and thus, only one
from the set is shown in Fig. 11 along with the characteristics
of the center open stub. It is shown that all of the stubs
have the same resonant frequency,, which implies that the
general model of the stub illustrated in Fig. 5(a) is valid, and
the bandwidth of the passband is larger for the ground open
stubs compared to the center open stubs. As shown in Fig. 12,
the loss factor for the center open stubs is lower than for the
ground open stubs for ; they both have a minimum at

, while for , the loss factors of the different stubs
is nearly equal.

To develop an equivalent circuit of the open-circuit stubs, it
is first necessary to determine the reference planes. It has been
reported that the reference plane could be translated toward
the center of the stub to develop a symmetric equivalent circuit
with the amount of reference-plane translation dependent on
the stub length [11]. For the stubs measured in this paper,

could be translated toward the center of the stub to
form a symmetric model, but the amount of reference-plane

Fig. 11. MeasuredjS12j and jS11j of open-circuit terminated series stubs
with L = 1475 �m.

Fig. 12. Measured loss factor of open-circuit terminated series stubs with
L = 1475 �m.

Fig. 13. Distance reference planeRc must be translated to obtain a sym-
metric circuit for the open-circuit terminated series stubs withL = 1475

�m.

translation is further dependent on the stub position as shown
in Fig. 13. It is seen that the ground open stub with

can be approximated by a symmetric circuit, and as
increases, the asymmetry of the junction increases until it
equals the asymmetry of the center open stub.

Since a uniform reference-plane translation is not possible
for the open stubs, the utility of forming a symmetric equiv-
alent circuit is not as evident, and therefore, the measured

-parameters are used to derive an equivalent asymmetric
network, as shown in Fig. 5(b). The-parameters of the center
open stub, which are typical of all the open stubs, are shown in
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Fig. 14. Y -parameters of open-circuit terminated series stubs with
L = 1475 �m.

Fig. 14. The series reactance is capacitive only for
and and, therefore, an equivalent transmission-line
model for this structure would require an additional series stub
of length in series with the stub shown in Fig. 5(a). It is
believed that this longer stub is due to the physical length of
the entire stub between the two CPW slots or between the
outer two edges of the center open stubs and ground open
stubs, respectively.

The shunt capacitances and of the ground open stubs
converge toward the capacitance values of the center open
stubs from opposite directions in the same way as those dis-
cussed above for the short-circuit terminated stubs, and that
and are independent of frequency. The series resistance of
the ground open stubs has a slight decrease with frequency,
while of the center open stub is independent of frequency.
The series capacitance of the open-circuit terminated stubs is
frequency dependant with a positive nonlinear slope. Although
quantitative comparisons of the series admittance terms is
difficult due to the frequency dependance, some qualitative
comparisons could be made. First, the series capacitance of
all the ground open stubs of the same length is equivalent,
indicating the capacitance is dependent on the slot’s width and
length and not on the -parameter. Second, the value of the
capacitance and the frequency dependence is approximately
two to four times larger for the ground open stubs compared to
the center open stubs. Third, the series resistance is equivalent
for all of the stubs in the ground plane of the same length, and
the resistance of the ground open stubs is approximately four
times the resistance of the center open stubs.

These results indicate that the ground open stubs can also
be modeled as two stubs (one in each ground plane) in parallel
to achieve higher capacitance values than could be achieved
for the same length stub in the center conductor, which could
prove useful for use in dc blocking capacitors. In addition,
the ground open stubs have the same resonant frequency and
broader bandwidth than the center open stubs, and since the
capacitance of the ground open stubs is independent of the-
parameter, the circuit layout can accommodate manufacturing
tolerances. The higher loss factor below the resonant frequency
is believed to be due to leakage of energy from the open-ended
slots on the outer edges of the FCPW ground planes.

V. CONCLUSION

An in-depth experimental characterization of short-circuit
and open-circuit terminated series stubs in FCPW lines is
presented. It is shown that the equivalent circuits for the
stubs in the ground planes are similar to those for stubs in
the center conductor, and when the stubs are in the ground
plane, the series elements in the equivalentnetwork can
be estimated from the element values when the stub is in the
center conductor by halving the resistance and inductance and
doubling the capacitance. These changes in the element values
predict the narrower stopband of the short-circuit terminated
stubs and the broader passband of the open-circuit terminated
stubs when they are placed in the ground plane. The results
of this paper should enable the circuit designer to select the
optimum characteristics of each stub design.
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